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Abstract 
The dry reforming of methane produces synthesis gas from carbon dioxide and methane (CH4). Although this concept 
has many environmental and economic incentives, today it is not implemented in large plants. The purpose of this 
study is to illustrate the potential of dry reforming of methane for industrial applications by producing synthetic fuel 
from the combination of dry and steam reforming of methane. The proposed process includes four main units: 
production of synthesis gas from the dry and the steam reforming of methane, Fischer Tropsch synthesis, waxes 
hydro-cracking Fischer Tropsch waxes, product upgrading and hydrogen recovery. Simulation model of this process 
is carried out with Aspen Plus® software (Advanced System for Process Engineering) which allows us to define and 
analyze the optimum conditions and equipment specifications for each unit. Energy consumption and CO2 balance of 
this process are also calculated. The main interest of our proposed process is its very favorable carbon balance. 
 
© 2012 Published by Elsevier Ltd. 
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1. Introduction 
Reduce CO2 emissions, the most significant greenhouse gas arising from anthropogenic activities, is 
one of the major challenges of this century. The emission reduction on the power generation sector is 
probably the most effective measure to reduce the accumulation of CO2 in the atmosphere. Therefore, 
remarkable efforts focused on the development and techno-economical feasibility of several processes for 
CO2 capture from power plants [1], [2]. One such method, which is presently being extensively 
investigated, is the sequestration of CO2 produced by concentrated sources (such as industry and power 
stations) and the subsequent disposal of the trapped CO2 in reservoirs such as the deep sea or aquifers [3].  
As an alternative to CO2 sequestration, the dry reforming of methane (Eq. 1) has been proposed [4], it has 
the advantage of producing a synthesis gas (CO + H2) with a H2/CO ratio = 1, close to unity, while the 
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steam reforming (Eq.2) produces syngas with a H2/CO ratio of 3 and the partial oxidation (Eq. 3) a ratio 
close to 2. For some applications such as: Fischer-Tropsch, hydroformylation, and the synthesis of 
valuable oxygenated chemicals, a feed ratio H2/CO = 1 is desired.  
CH4 + CO2 ↔ 2H2 + 2CO    ∆H◦298 = 247 kJ.mol-1           (1) 
CH4 + H2O ↔ 3H2 + CO    ∆H◦298 = 206 kJ.mol-1             (2)  
CH4 + 1/2 O2 ↔ CO + 2 H2     ΔH°298 = -36 kJ.mol-1          (3) 
 
Moreover, carbon dioxide is present in significant proportion in the natural gas in some countries such 
as Japan and Iran ... [5] and then the dry reforming could be particularly useful. Nevertheless, the steam 
reforming works at a higher pressure than the dry reforming. This could lead to higher operating costs.. 
Currently, the Researches and Developments on the dry reforming are mainly oriented towards the 
development of a catalyst which is inexpensive and has a long life. 
 
Today, the industrial application of dry reforming of methane is limited. Indeed, there are only two 
industrial processes which produce carbon monoxide (CO) and synthesis gas (H2 and CO). They are 
called CALCOR [6] and SPRAG [7], respectively. Similarly, there are only two pilot plants for the 
production of more elaborated products such as: hydrogen (H2) [8] and synthetic fuels (naphtha (C8H18-
C12H26), kerosene (C11H24-C13H28) and gasoline (C5H12-C12H26)) [9]. 
 
After a review of feasibility studies of dry reforming, the objective of this communication is therefore 
to provide several scenarios starting from the production of synthesis gas, followed by the production of 
some other product (hydrogen, methanol, sulfur-free diesel…). Finally, we will propose a simulation 
model of a GTL (Gas To Liquid) process which is based on a combination of dry and steam reforming of 
methane.  
2. Review of feasibility studies 
2.1. Comparative study between the dry and steam reforming of methane 
Steam reforming is a most widely used process. This is an endothermic reaction (that needs to provide 
heat energy in order to perform the reaction) such as: 
 
CH4 + H2O → CO + 3H2      ∆H°1047 = 226.2 kJ mol-1            (2) 
 
Which produces a synthesis gas rich in hydrogen with a high H2/CO ratio (> 3). The desired energy 
can be provided by an external source which does not emit CO2 such as solar or nuclear energy. But 
generally, this energy is provided by fossil fuels. 
 
  As an alternative, several authors have proposed to use the CO2 produced by various industrial 
facilities: cement plants, blast furnaces ... and to conduct studies on the dry reforming reaction which 
basic reaction is:  
 
CH4 + CO2 → 2CO + 2H2    ∆H°1023 = 261 kJ mol-1                (1) 
 
The dry reforming produces synthesis gas with H2/CO ratio equal to 1, much lower than that of the 
synthesis gas produced by the steam reforming. It also appears that the amount of heat to be supplied is 
much greater than that required for steam reforming.  
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It is easy to provide a first estimation of the energy and the CO2 balances for both dry reforming and 
steam reforming, in order to make comparisons between the two processes. The production of hydrogen 
occurs in two steps: the first step is to produce synthesis gas and the second involves the Water Gas Shift 
reaction (WGS) (Eq. 4): 
 
CO + H2O → CO2 + H2                ∆H° 298= - 41 kJ mol-1          (4) 
 
In our calculations, we assume that the energy efficiency of hydrogen production is 88% [10], the 
temperature to calculate the enthalpies of reactions is: 973 K and the remainder of the energy required can 
be attained from the combustion of natural gas (Eq.5): 
 
CH4 + 2 O2 → CO2 + 2 H2O   ∆H°298 = - 793.6 kJ mol-1               (5) 
 
The energy calculations are based on the Low Heating Values (LHV) and the enthalpies of reactions. 
Table 1 summarizes the results of the calculations and compares the two processes. 
Table 1: Energy and CO2 balances of dry and steam reforming processes 
 
Steam reforming Dry reforming 
Energy balance CO2 balance Energy balance CO2 balance 
Syngas production  6.65 MJ / kg (CO+3H2) 
0.45 kg of CO2 / kg 
(CO+3H2) 
4.35MJ /kg 
(2CO+2H2) 
-0.44 kg of CO2 / kg 
(2CO+2H2) 
     
Hydrogen production 27 MJ/kg of H2 
7 kg of CO2 / kg of 
H2 
42.7 MJ/kg of H2 
2.34 kg of CO2/ kg 
of H2 
 
For the production of synthesis gas and hydrogen, the dry reforming consumes 1.6 times more heat 
than the steam reforming. However, it has an environmental benefit as it produces much less CO2. 
Therefore, the production of hydrogen by dry reforming appears to be a weak competitor for the steam 
reforming.  
2.2. Production of synthetic fuels from dry reforming of methane 
The synthesis gas produced by the dry reforming can be used to produce higher value products, 
especially the sulfur-free diesel (C6H14) via Fischer-Tropsch synthesis (Eq. 6) and the methanol (CH3OH) 
(Eq. 7). 
 
6 CO + 13 H2 → C6H14 + 6 H2O          (6) 
CO + 2 H2 → CH3OH                (7) 
 
Both of these reactions (Eq. 6) and (Eq. 7), requires H2 to be added to the reactant synthesis gas feed in 
order to adjust the H2/CO ratios. The hydrogen required can be supplied from the steam reforming of 
methane. In this study methanol and sulfur free diesel are assumed to be produced in two stages. The first 
step involves the formation of synthesis gas via the combined CO2 reforming (Eq. 1) and steam reforming 
(Eq. 2). Following the reforming step, fuels are synthesized by reacting the resultant synthesis gas (CO 
and H2) in the temperature range [473-573] K and pressure range [10-60] bar needed by the reactions (Eq. 
6) and (Eq. 7). The overall reaction for each fuel is as follows: 
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Methanol:                3CH4 + CO2 + 2H2O → 4CH3OH      ∆H°773 = 177 kJ mol-1               (8) 
Sulfur-free diesel:  4.5 CH4 + 1.5CO2 → C6H14 + 3H2O   ∆H°773 = 27 kJ mol-1                   (9) 
 
We assume that CO2 and steam reforming operate in parallel to form the desired ratio of synthesis gas. 
The energy efficiency of both methanol and sulfur free diesel productions is 80% [3], the enthalpies of the 
processes involved are estimated for a single temperature of 773 K. This temperature represents a 
compromise between the high and low temperature steps (the reforming steps and the final reaction, 
respectively) likely to be involved in the all-over process. Table 2 summarizes the results of the 
calculations. 
Table 2: Production of methanol and sulfur-free diesel by the combination of dry and steam reforming 
 Energy balance CO2 balance 
Methanol 1.73 MJ/kg of CH3OH - 0.25 kg of CO2/ kg of CH3OH 
   
Sulfur-free diesel 0.4 MJ/kg of C6H14 - 0.74 kg of CO2/ kg of C6H14 
 
The production of synthetic fuels, starting from a combination of dry and steam reformings is an 
interesting prospect for valorizing some CO2. Indeed, this alternative consumes CO2 and appears more 
attractive than the dry reforming alone. 
3. Process description 
GTL processes are good methods to convert gaseous fuel to the synthetic liquid fuels such as naphtha 
and diesel. Currently, they have come into the spotlight for alternative energy carriers as an 
environmentally benign and highly profitable alternative to petroleum resources. Today, the most used 
GTL process works with natural gas as feedstock. The process that we propose consists in four steps: 
x The production of syngas from the combination of dry reforming and steam reforming of methane; 
x The Fischer-Tropsch process to produce long chains of hydrocarbons; 
x The separation of fuel and wax hydrocracking; 
x The recovery of hydrogen. 
 
Initially the natural gas is preheated and sent to the reforming reactor in which it reacts with steam and 
CO2. At the outlet of the reformer, the temperature of the syngas is higher than needed at the inlet of the 
Fischer-Tropsch reactor. Thus, the synthesis gas is cooled and the remaining water is removed. Synthetic 
fuels produced by the FT reactor are sent to the separation unit (distillation columns) in order to retrieve 
the different fractions of diesel, gasoline, LPG (Liquefied petroleum gas) and waxes. The waxes are 
hydrocracked by using hydrogen that we have separated and purified in the PSA (Pressure Swing 
Adsorption). Finally, the unreacted gases, especially CH4 and CO2 are recycled to the reformer. The 
overall process flowsheet is presented in Figure 1. 
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4. Simulation model 
The simulation model was developed using Aspen Plus™. Energy balances are calculated by Aspen 
plus for each proposed unit. No kinetic model is considered in the simulation of reactors, because the dry 
reforming process is at the research stage and kinetic models are not yet developed. Thus we use the 
equilibrium data to calculate energy and material balances. 
The following compounds have been selected from the Aspen Plus™: oxygen (O2), nitrogen (N2), 
carbon monoxide (CO), carbon dioxide (CO2), hydrogen (H2), water (H2O), methane (CH4), ethylene 
(C2H4), ethane (C2H6), propylene (C3H6), propane (C3H8), butene (C4H8), butane (C4H10) and all linear 
and saturated hydrocarbons C5H11 to C30H62, C32H66 and C36H74. And oxygenated compounds such as 
methanol (CH4O), ethanol (C2H6O), 1-propanol (C3H8O), 1-butanol (C4H10O), 1-pentanol (C5H12O), 1-
hexanol (C6H14O) and acetic acid (C2H4O2 ). Linear and saturated hydrocarbons were selected to describe 
the gasoline, diesel and waxes: C5 to C11, C12 to C18 and C20 to C60, respectively. For the thermodynamic 
model, the equation of Peng Robinson with Boston-Mathias alpha function (PR-BM) was applied in the 
main units (the two reactors, the distillation columns). For water separation, the NRTL (Non Random 
Two Liquid) model is applied. All the binary interaction parameter values needed for these models were 
available in Aspen Plus™. 
4.1. Syngas production unit 
The reforming unit comprises two parts: a pre-reformer and a reformer. In the pre-reformer, higher 
hydrocarbons contained in the natural gas are completely converted into a mixture of methane, carbon 
oxides and hydrogen over a nickel catalyst. The reaction temperature is 823 K and the outlet pressure is 5 
bar [11]. In the reformer, the temperature of the reaction varies in a temperature range: [973, 1273] K and 
a pressure range: [1-5] bar. The reactions involved are: 
 
CO2 + CH4 Æ 2 CO + 2 H2                       ΔH°298 = 247 kJ mol-1          (1) 
CH4 + H2O Æ CO + 3 H2                         ΔH°298 = 206 kJ mol-1             (2) 
CO2 + H2  Æ CO + H2O                          ΔH° 298= 41 kJ mol-1          (4) 
 
For our simulation, we assumed that the reforming unit is fed by 128.9 t/h of natural gas with 94.9% 
of methane and 330 t/h of CO2 and 263.5 t/h of H2O. The dry reforming unit is shown in Fig. 2. 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: The syngas production unit 
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4.2. The Fischer Tropsch (FT) unit 
The synthesis gas produced by the reformer is cooled. Then, water is removed in a flash column. 
After, the catalytic reaction for the production of long-chain hydrocarbons is carried out in the FT reactor. 
The catalyst that we have retained is Cobalt. Thus, the Fischer Tropsch synthesis requires a H2/CO ratio 
between 1.9 and 2.1 [11]. Note that the FT reactor can work at a relatively low temperature, in order to 
maximize the production of diesel and waxes: this process is known as low temperature Fischer–Tropsch 
(LTFT). The FT synthesis was modeled by a Rstoic reactor (RSTOIC is a very basic model of 
stoichiometric reactor with specified reaction extent or conversion) at 513 K and 20 bar. The conversion 
of synthesis gas was estimated at 87% [11]. The FT reactions can be summarized as:  
 
(2n + 1) H2 + n CO Æ CnH2n+2 + n H2O           (10) 
2n H2 + n CO Æ CnH2n + n H2O             (11) 
CO + H2O Æ CO2 + H2             (12) 
2n H2 + n CO Æ CnH2n+2O + (n-1) H2O           (13) 
 
Based on the above reactions, a series of reactions was introduced taking into account the selectivity 
for each product at low temperatures. 42 reactions for which informations about efficiencies and 
selectivities are available in the literature were considered to represent the system generates paraffins, 
olefins and some oxygenated compounds and WGS (Water Gas Shift) reaction [11]. The Fisher Tropsch 
unit is shown in Fig.3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: The Fischer Tropsch unit 
4.3. The hydro-cracking of waxes and the separation of FT products  
The FT products are cooled and separated from water and oxygen compounds before to be sent into a 
distillation column for the separation of heavy and light products. The light products are composed of 
gasoline, LPG and light gases. The heavy products are composed of diesel and waxes. Waxes are finally 
converted into high quality diesel in the hydrocracking unit, which was modeled using a RYield reactor 
(RYield requires a mass balance only, this reactor model is used to simulate reactors in which inlets to the 
reactor are not completely known but outlets are known). Product yields and operating conditions are 
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taken from the work of Bezergianni et al. [12]. The hydrogen consumed in this section is 0.65% of the 
heavy feed [12]. The hydro-cracking unit is shown in Fig. 4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: Hydro-cracking unit 
4.4. Hydrogen recovery 
Hydrocracking requires hydrogen as a reactant. For this reason, we add a hydrogen recovery unit in 
order to recycle unreacted hydrogen to the hydrocracking unit. This step is performed by a PSA (Pressure 
Swing Adsorption) column, which is a technology for separating and purifying a gas mixture. The PSA is 
designed to recover 90% of H2 with a purity of 99.95%. This block is fed by light gases (hydrogen, CO2, 
CH4, CO and some traces of hydrocarbons). 
4.4.1. Recycling of light gases and  unreacted syngas 
 
After the recovery of hydrogen, the gas leaving the PSA block contains several compounds that have 
not reacted or that were produced during the process such as CO2, CO, CH4, H2 and traces of 
hydrocarbons. This gas mixture is recycled to the reformer. This recycling allows, on the one hand, to 
reduce the amount of the inlet methane and on the other hand to increase the energy efficiency of the 
process. Indeed, according to the results of the simulation, without recycling efficiency is 52% but with 
recycling it becomes 62%. 
5. Results 
In a reference case [9], the GTL process produces 67.1 t / h of diesel, 25 t / h of gasoline and 0.3 t / h 
of LPG. Energy consumption in the production process of synthetic fuels from the combination of dry 
reforming and steam reforming is described in Table 3. The corresponding energy calculations are 
performed with Aspen plus.  
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Table 3: Energy consumption of the proposed method 
Diesel product t/h 67.1 
Gasoline product t/h 25.4 
LPG product t/h 0.3 
Electricity consumed (compression and pumping) MW 48.9 
steam consumed For Heating MW 331.2 
For distillation MW 9.1 
Heat supplied by the combustion of natural gas For pre-reforming MW 97.0 
For reforming MW 346.4 
steam generated By cooling operations MW -451.4 
By the Fischer Tropsch MW -390.5 
Natural gas consumed For feeding t/h 101.4 
For burning t/h 31.9 
 
The process provided a fuel with a thermal energy of 2.6 MJ/kg and consumed electrical energy of 1.9 
MJ/kg of fuel produced. The distillation requires high pressure steam (553-573 K). The total steam 
required for this process is about 290.1 t/h (263.5 t/h by reformer and 26.6 t/h by distillation). Steam at 
medium pressure (10 bar) obtained in the cooling of Fischer Tropsch reactor can be sent to steam turbines 
to produce electricity. Another interesting result of the simulations performed is related to the CO2 
emissions, which are reduced thanks to the use of dry reforming. Our proposed process emits 90 t/h of 
CO2 and consumes 330 t/h of CO2. Table 4 summarizes the total CO2 emitted per tons of liquid fuel in the 
process. 
 
Table 4: CO2 production in the proposed process 
CO2 Emitted  
By the electrical energy t/h 0 
By the thermal energy t/h 91.0 
CO2 Consumed  t/h 330.1 
CO2 balance t of CO2/t of synthetic fuels -2.6 
6. Conclusion 
As far as environmental issues are concerned, the dry reforming of methane can be useful. In this 
paper, processes that produce from a greenhouse gas (CO2) synthetic fuels were examined and studied. To 
produce hydrogen, dry reforming consumes more energy and emits less CO2 than steam reforming. 
However, the dry reforming is more interesting for the production of synthetic fuels. We proposed also a 
simulation model of GTL process by coupling dry and steam reforming of methane. This process could 
produce synthetic fuels composed of 72% of diesel, 26% of gasoline and 2% of LPG. Simulation results, 
for a typical case show that this process allows CO2 mitigation by consuming 330 t/h of CO2 for 
producing 93 t/h of synthetic fuel. Apart from any economic consideration, this process looks a 
particularly attractive alternative for reducing oil dependence in the transport sector while promoting the 
CO2 mitigation. In a long-term perspective we expect that the simulation model developed in this work 
serve as a design basis for pilot-scale GTL process. 
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